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In maturing mouse oocytes, protein synthesis is required for meiotic maturation subsequent to germinal vesicle breakdown
(GVBD). While the number of different proteins that must be synthesized for this progression to occur is unknown, at least
one of them appears to be cyclin B1, the regulatory subunit of M-phase-promoting factor. Here, we investigate the
mechanism of cyclin B1 mRNA translational control during mouse oocyte maturation. We show that the U-rich
cytoplasmic polyadenylation element (CPE), a cis element in the 3* UTR of cyclin B1 mRNA, mediates translational
repression in GV-stage oocytes. The CPE is also necessary for cytoplasmic polyadenylation, which stimulates translation
during oocyte maturation. The injection of oocytes with a cyclin B1 antisense RNA, which probably precludes the binding
of a factor to the CPE, delays cytoplasmic polyadenylation as well as the transition from GVBD to metaphase II. CPEB,
which interacts with the cyclin B1 CPE and is present throughout meiotic maturation, becomes phosphorylated at
metaphase I. These data indicate that CPEB is involved in both the repression and the stimulation of cyclin B1 mRNA and
suggest that the phosphorylation of this protein could be involved in regulating its activity. © 2000 Academic Press
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In the vertebrate ovary, oocytes are arrested in the diplo-
tene stage of first meiotic prophase. In mammals, reentry
into meiosis (maturation) by full-grown (primary) oocytes
occurs in response to a surge in leutinizing hormone, which
is secreted by the pituitary and bound by receptor proteins
that are located in the membrane of follicle cells that
surround the oocyte. The oocyte and follicle cells are
connected by gap junctions, which serve as avenues of
passage for molecules that regulate maturation. In vitro, the
nitial phase of maturation in the mouse occurs within 3 h
fter the oocytes are removed from their follicular environ-
ent and is manifest by chromatin condensation and
erminal vesicle breakdown (GVBD). Although de novo
rotein synthesis is not required for oocytes to undergo
VBD (Rime et al., 1989; Schultz and Wassarman, 1977a,b;
tern et al., 1972; Szollosi et al., 1991), it is essential for
meiotic progression to metaphase II (MII) (Clarke and Ma-
sui, 1983; Hampl and Eppig, 1995b; Hashimoto and Kishi-
moto, 1988; Szollosi et al., 1991). While the identity of the
protein(s) that must be synthesized for this progression is
unclear, growing evidence suggests the involvement of
cyclin B1. For example, M-phase promoting factor (MPF),
0012-1606/00 $35.00
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All rights of reproduction in any form reserved.which comprises cyclin B and cdc2 (Norbury and Nurse,
1992), is present at a low level and inactive in prophase
I-arrested oocytes (Chesnel and Eppig, 1995; Choi et al.,
1996; Hampl and Eppig, 1995a,b). During the acquisition of
meiotic competence, MPF activity, which drives these cells
into meiosis, increases gradually over a span of 6–10 h until
the maximum level is achieved at metaphase I (Choi et al.,
1991; Verlhac et al., 1994). This increase in MPF activity is
strongly correlated with increased cyclin B1 synthesis
(Chesnel and Eppig, 1995; Hampl and Eppig, 1995a,b; Po-
lanski et al., 1998; Winston, 1997). Two lines of evidence
suggest that elevated cyclin synthesis may be responsible
for MPF-induced maturation: the treatment of oocytes with
cyclohexamide prevents this increased MPF activity as well
as polar body extrusion (Hampl and Eppig, 1995b), and the
injection of cyclin B1 mRNA into oocytes accelerates the
rate of maturation (Polanski et al., 1998).
While there are several mechanisms that could regulate
cyclin B1 mRNA translation in maturing oocytes, one that
is clearly very important for early vertebrate development is
cytoplasmic polyadenylation. In general, several dormant
maternal mRNAs in oocytes possess short poly(A) tails of
variable length, but usually in the range of 20–50 nucleo-
tides. Following the induction of oocyte maturation, the
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2 Tay, Hodgman, and Richtertails on these mRNAs are elongated up to 100–150 nucle-
otides, and translation ensues (Richter, 1996, 1999). The cis
elements that confer cytoplasmic polyadenylation are the
cytoplasmic polyadenylation element (CPE) and polyade-
nylation hexanucleotide AAUAAA, both of which reside in
the distal portion of the 39 untranslated regions (39 UTRs) of
responding mRNAs (de Moor and Richter, 1997, 1999;
Huarte et al., 1992; McGrew et al., 1989; McGrew and
Richter, 1990; Strickland et al., 1988; Vassalli et al., 1989).
In maturing Xenopus oocytes, cyclin B1 mRNA transla-
tion is controlled by CPE-mediated cytoplasmic polyade-
nylation (de Moor and Richter, 1997, 1999; Sheets et al.,
1994; Stebbins-Boaz et al., 1996). We noticed that the
mouse cyclin B1 39 UTR also contained several CPE-like
sequences which, if functional, would strongly indicate
that the translation of this mRNA is regulated by cytoplas-
mic polyadenylation. In this report, we show that mouse
cyclin B1 mRNA does indeed contain functional CPEs and
that these direct polyadenylation-stimulated translation in
maturing oocytes. This translation is important for the rate
of meiotic progression from GVBD to metaphase II. In
addition, we demonstrate that the CPE is a bifunctional
sequence in that it not only drives cytoplasmic polyadenyl-
ation during maturation, but it also mediates translational
dormancy in GV-stage oocytes. The CPE is bound by CPEB
(Gebauer and Richter, 1996; Hake and Richter, 1994), a
sequence-specific RNA binding protein that becomes phos-
phorylated at a time that coincides with the switch in
CPE-mediated translational dormancy to translational acti-
vation. We speculate that this posttranslational modifica-
tion could be important for the regulation of CPEB activity.
MATERIALS AND METHODS
RNA Isolation and PAT Assay
Total RNA from 10 oocytes, isolated using the acid-phenol method
(Chomczynski and Sacchi, 1987), was reverse transcribed using an
oligo(dT)/adaptor primer (59-GCGAGCTCCGCGGCCGCGT12).
One-tenth of this cDNA was used in a 50-ml PCR (cyclin B1 primer,
59-GCATTCTCTCAGTGCCCTCCACAG; SK1, 59-AAAGCTGGA-
GCTCCACCGCGGTG) supplemented with 0.5 ml of [32P]dATP.
fter an initial denaturation step at 94°C for 3 min, the PCR
onditions were as follows: 94°C for 45 s, 66°C for 45 s, 72°C for 1 min
or 30 cycles. The amplified products were separated on a 6%
ondenaturing polyacrylamide gel and visualized by autoradiography.
Collection and Culture of Oocytes
GV-stage oocytes were isolated from 19- to 21-day-old female
CD-1 mice (Harlan Sprague–Dawley, New York) in phosphate-
buffered saline (PBS) supplemented with 150 mM isobutylmethyl-
xanthine (IBMX) and 3 mg/ml polyvinylpyrrolidone (PVP; 40,000;
Sigma Chemical Co.). The oocytes were washed three times in M16
culture medium [supplemented with 10% fetal bovine serum (FBS)
and 0.3% bovine serum albumin (BSA)] containing 150 mM IBMX
and cultured in the same medium to maintain meiotic arrest.
Meiotic maturation was initiated by washing the oocytes three
times in M16 culture medium without IBMX.
Copyright © 2000 by Academic Press. All rightOne- and two-cell embryos were prepared and isolated according
to Vernet et al. (1993).
Immunoblotting
Cultured oocytes that had reached MI by 6 h and MII by 16 h
were collected and washed in PBS. Protein from these oocytes was
subjected to a Western blot probed with affinity-purified CPEB
antibody. For the phosphatase assay, MI-stage oocytes were dis-
rupted by freezing and thawing in phosphatase buffer (0.2 M Pipes,
pH 6.6, 2 mM EGTA, 2 mM MgSO4). One-half of this extract was
then incubated with potato acid phosphatase as described by Paris
et al. (1991) prior to Western blotting.
UV Cross-Linking and Immunoprecipitation
Oocyte extract was prepared according to Gebauer and Richter
(1996) with minor modifications. GV-stage oocytes (180–210) were
washed in PBS (containing 3 g/ml PVP, 150 mM IBMX), lysed by
reezing and thawing 33 in buffer A (100 mM Tris–HCl, pH 8, 2.5
mg/ml/aprotinin, 10 mg/ml soybean trypsin inhibitor, and 2 mg/ml
ach of chymotrypsin, leupeptin, and pepstatin), and cleared by
rief centrifugation. UV cross-linking was performed according to
aris et al. (1991). The extract was then mixed with buffer B (50
M Tris–HCl, pH 7.4, 250 mM NaCl, 0.1% Triton X-100, 5 mM
DTA, 50 mM NaF, 1 mM dithiothreitol, 100 mM Na3VO4;
containing the same concentration of protease inhibitors as buffer
A) and subjected to immunoprecipitation with CPEB antibody.
Oocyte Microinjection
Oocytes were held in M16 culture medium containing 150 mM
IBMX for at least 1 h prior to microinjection, which was performed
in M2 culture medium supplemented with 150 mM IBMX, 10%
BS, and 0.3% BSA. About 10 pl of solution, containing equal molar
oncentrations of the various RNAs, was injected into the cyto-
lasm. To determine CAT activity during the GV stage, injected
ocytes were culture for 16 h in M16 medium containing mM
BMX. To determine CAT activity during maturation, injected
ocytes were cultured in IBMX-free medium for 16 h and only
ocytes that extruded the first polar body were used. CAT assays
ere performed essentially as described by de Moor and Richter
1999).
CAT Assays
Thirteen oocytes were used for each CAT assay. The oocytes
were resuspended in 50 ml 200 mM Tris–HCl, pH 8, and lysed by
freezing on dry ice and thawing at 37°C three times. Five microli-
ters of acetyl coenzyme A (5 mg/ml) and 0.15 mCi [14C]chloram-
phenicol was added to the oocyte lysate and incubated at 37°C for
16 h. The mixture was extracted once with cold ethyl acetate and
the aqueous phase was lyophilized and resuspended in 10 ml of cold
ethyl acetate before being applied to silica gel TLC plates as
described by Jones et al. (1983), and the results were visualized on
a PhosphorImager. The percentage chloramphenicol conversion
was determined using ImageQuant.
Plasmid Construction and in Vitro Synthesis
of RNA
pCPE1HEX was constructed using PCR. The T7 promoter
primer (59-GTAATACGACTCACTATAGGGC) and B1WT primer
s of reproduction in any form reserved.
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3Cyclin B1 mRNA Translation in Mouse Oocytes(59-GCGAATTCTTTTAATTTATACATCTGATATCAAG) were
used to amplify a 132-bp fragment from a cyclin B1 cDNA. The
PCR product was digested with EcoRI and XhoI and was cloned
into pBluescript. CPE1 radiolabeled RNA used in UV cross-linking
was synthesized from pCPE1HEX linearized with EcoRV.
pMUTCPE1HEX was constructed using a similar PCR strategy,
except that the cyclin-specific primer was 59-GCGAAT-
TCCGACTTATACATCTGATATCAAGTTG. MUTCPE1 radio-
labeled RNA used in UV cross-linking was synthesized from
pMUTCPE1HEX linearized with EcoRV.
pB1-39UTR was constructed by cloning a BglII–XhoI 550-bp
fragment from p15.4 (cyclin B1 cDNA, kindly provided by Dr. D.
Chapman) into the BamHI–XhoI sites of pBluescript SK(2). Sense
RNA was synthesized using the T3 promoter and antisense RNA
was synthesized using the T7 promoter.
The pCAT and pCAT-3CPE1 constructs were derived from
pCT3 and have been previously described (de Moor et al., 1999).
CAT-B1-39UTR was made by inserting the BamHI–PstI fragment
ontaining CAT from pCT3 into the BamHI–PstI sites in pB1-
9UTR. pB1-39UTR(DHEX) was constructed by PCR using the
ollowing primers: (cycB1-1) 59-GCATTCTCTCAGTGCCC-
CCACAG and (cycB1-DHEX) 59-GTGAAAGCTTTCCACC-
ATAAATTCTAGACAACTTGATATCAGATGTATA. The am-
lified product was digested with EcoRI and HindIII and the
50-bp fragment containing the mutated polyadenylation signal
as inserted into pB1-39UTR digested with EcoRI–HindIII.
CAT-B1-39UTR(DHEX) was constructed by inserting NotI–PstI
(blunt-ended) CAT fragment from pCT3 into NotI–SpeI (blunt-ended)-
digested pB1-39UTR(DHEX). PCR using 59-GGAAACAGCTAT-
GACCATG (reverse primer) and 59-T30AATTGTGAAAGCT-
TTCCAC (T30-cycB1) was used to add 30 As to the 39 end of all the
AT-B1 constructs and the CAT mRNAs were then transcribed using
he T3 MessageMachine Kit (Ambion). PCR using reverse primer and
30Tail primer was employed to add 30 adenosine residues to the 39
end of the CAT alone construct.
RESULTS
Cyclin B1 mRNA Undergoes CPE-Dependent
Poly(A) Elongation during Oocyte Maturation
The mouse cyclin B1 39 UTR contains three CPE-like
sequences that are present from 22 to several hundred
nucleotides upstream of the AAUAAA hexanucleotide (Fig.
1A), which suggests that this mRNA might have the
capability of undergoing cytoplasmic polyadenylation dur-
ing oocyte maturation. To determine if this is the case, we
performed a poly(A) test (PAT), a PCR-based assay (Salles et
l., 1994; Salles and Strickland, 1995) using total RNA
btained from GV stage oocytes or from oocytes that had
atured to MI or MII. Figure 1B shows that cyclin B1
RNA underwent low level polyadenylation during the
ransition from the GV stage to MI (maximal increase of
100 nucleotides) and robust polyadenylation between MI
nd MII (maximal increase of ;250 nucleotides). The in-
rease in poly(A) tail length during MI and MII coincides
ith the increase in cyclin B1 synthesis (Hampl and Eppig,
995a,b; Winston, 1997).
At least in Xenopus oocytes, a functional CPE usuallyesides within ;100 nucleotides of the AAUAAA (McGrew
Copyright © 2000 by Academic Press. All rightnd Richter, 1990; Stebbins-Boaz and Richter, 1994). Be-
ause of this, we suspected that CPE1, which is present
nly 22 nucleotides upstream of the AAUAAA, was the
ost important sequence for driving polyadenylation.
hen RNA containing CPE1 and AAUAAA was injected
nto oocytes, this RNA underwent cytoplasmic polyadenyl-
tion, obtaining a maximal poly(A) tail length of about 70
ucleotides at MII (Fig. 1C). The extent of polyadenylation
f this RNA was less than that of endogenous cyclin B1
RNA, which might suggest that CPE2 and/or CPE3 could
e important elements for this process. Alternatively, per-
aps other sequences, or even secondary structure, which
re missing in the injected RNA could potentiate polyade-
ylation (e.g., Gebauer et al., 1994). Most importantly,
owever, an identical RNA that contained a mutated CPE
as not polyadenylated (Fig. 1C). Therefore, both CPE and
AUAAA are essential for cytoplasmic polyadenylation of
yclin B1 mRNA during oocyte maturation.
Microinjection of Cyclin B1 3* UTR into GV-Stage
Oocytes Results in a Delay in Progression to MII
Antisense oligodeoxynucleotide-mediated RNase H-dir-
ected cleavage of mouse oocyte mRNAs has been success-
fully employed by a number of investigators (Gebauer et al.,
1994; O’Keefe et al., 1989). This same strategy was used in
an attempt to cleave the distal portion of the cyclin B1 39
UTR from the remainder of the mRNA, which might
prevent polyadenylation and translation of this mRNA. The
inhibition of cyclin B1 mRNA translation would, in turn,
prevent or delay polar body extrusion. However,
oligodeoxynucleotide-mediated cleavage of cyclin B1
mRNA was not observed. Consequently, an alternative
approach of injecting oocytes with antisense RNA for the
cyclin B1 39 UTR that spanned all three CPE-like sequences
was used. While the antisense RNA would not be expected
to induce RNase H-directed strand scission, it could pre-
clude the binding of essential factors to the CPE and/or
AAUAAA and prevent polyadenylation and translation
(Strickland et al., 1988). Figure 2A shows three such experi-
ments in which the percentage of GV-stage oocytes that
matured to MII was monitored in uninjected and antisense
or sense RNA-injected oocytes. While the timing of GVBD
was unaffected irrespective of the two injected RNAs (data
not shown), polar body extrusion was delayed when the
antisense RNA, but not the sense RNA, was injected (Fig.
2A). The sense RNA, however, slightly impeded the rate of
polar body extrusion relative to uninjected controls (Fig.
2A). A PAT assay performed on these oocytes at the time of
GVBD shows that while cyclin B1 mRNA polyadenylation
was similar in the uninjected and the sense RNA-injected
oocytes, polyadenylation was much reduced in the anti-
sense RNA-injected oocytes (Fig. 2B). Therefore, we infer
that the delay of cyclin B1 mRNA polyadenylation by
antisense RNA delayed cyclin B1 synthesis and polar body
formation.We also note that the injection of a large amount of
s of reproduction in any form reserved.
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maturation (de Moor and Richter, 1999). In the experiments
presented above, we injected ;20-fold less CPE-containing
RNA into mouse oocytes, so a possible enhanced rate of
maturation would not be expected. Indeed, such a phenom-
enon was never observed even when high amounts of RNA
were injected (data not shown).
CPEB Binds the Cyclin B1 CPE
CPEB is an RNA recognition motif and zinc finger-
containing protein that has a strong specificity for the CPE.
To determine whether this protein binds to the CPE of
cyclin B1 mRNA, an extract prepared from GV-stage oo-
cytes was incubated with synthetic 32P-labeled RNA either
containing or lacking the CPE (cf. Fig. 1A). The extract was
then irradiated with UV light, mixed with RNase A, and
subjected to immunoprecipitation with CPEB antibody.
Figure 3A shows that CPEB interacted specifically with the
FIG. 1. (A) Schematic representation of cyclin B1 mRNA. The C
assay of endogenous cyclin B1 during oocyte maturation. The arrow
endogenous cyclin B1 mRNA. The size of the poly(A) tail added to th
(GV), metaphase I (MI), metaphase II (MII). (C) PAT assay of injecte
used is indicated above each blot. Sequences unique to the synthet
the PCR primers. The size of the poly(A) tail added to the construCPE. Therefore this protein in mouse oocytes, as in Xeno- i
Copyright © 2000 by Academic Press. All rightpus oocytes, binds to the key sequence that promotes
cytoplasmic polyadenylation, the CPE (Figs. 1C and 3A).
CPEB Is Phosphorylated at Metaphase I
The phosphorylation of CPEB in Xenopus oocytes, as
anifest by the reduced electrophoretic mobility of the
rotein, was strongly correlated with the activation of
olyadenylation of cyclin B1 (de Moor and Richter, 1997;
aris et al., 1991). To determine whether mouse CPEB is
lso phosphorylated, we probed Western blots that were
repared from oocytes and embryos (Fig. 3B). While CPEB
as present as a single species in GV-stage oocytes, two
mmunoreactive species were recognized in oocytes at
etaphase I. At metaphase II, only a single protein was
ecognized, which had the same mobility as the protein
etected in GV stage oocytes. CPEB was not detectable in
ne-cell and two-cell embryos.
To determine whether the slow-migrating form of CPEB
re boxed and the polyadenylation signal (HEX) is circled. (B) PAT
icate the positions of the primers used in the PAT assay to amplify
dogenous mRNA during maturation is indicated. GV-stage oocytes
thetic RNA. A schematic representation of the injected construct
A are depicted as a filled rectangle. The arrows show positions of
uring maturation is indicated.PEs a
s ind
e en
d syn
ic RNn MI oocytes was the result of phosphorylation, we treated
s of reproduction in any form reserved.
5Cyclin B1 mRNA Translation in Mouse OocytesFIG. 3. (A) Endogenous CPEB cross-links to RNA containing CPE1. Radiolabeled RNA containing CPE1 or a mutated CPE1 was incubated
with protein extracts from 270 GV-stage mouse oocytes. After an incubation at room temperature for 30 min, the extracts were
UV-irradiated, digested with RNase A, and immunoprecipitated with anti-mouse CPEB antiserum. The radiolabeled proteins were resolved
on 10% SDS/PAGE and visualized using autoradiography. (B) Expression of CPEB during mouse oocyte maturation and in early embryos.
Protein extracts from 110 oocytes or embryos were subjected to 8.5% SDS/PAGE and Western blotted using affinity-purified mouse CPEB
antibody (1:50 dilution). One-cell embryo (1C), two-cell embryo (2C). (C) Mouse CPEB is phosphorylated at metaphase I. Protein extracts
from 350 MI-stage oocytes were lysed in phosphatase buffer, potato acid phosphatase was added to one-half of the lysate, and both portionsFIG. 2. (A) Injection of antisense cyclin B1 39 UTR into GV-stage oocytes delays first polar body formation. Three independent
experiments are shown. In each experiment, the rate of maturation of 20–30 injected oocytes was scored. (B) Injection of antisense cyclin
B1 39 UTR retards the polyadenylation of endogenous cyclin B1 mRNA. PAT assay on uninjected (UI) and sense- (S) and antisense- (AS)
injected oocytes. The size of the poly(A) tail added to the endogenous cyclin mRNA is indicated.were incubated at 30°C for 30 min before being resolved on 8.5% SDS/PAGE and Western blotted.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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6 Tay, Hodgman, and Richteran extract prepared from oocytes at this stage with an acidic
phosphatase (Fig. 3C). This treatment resulted in a mobility
shift of the slow-migrating species to the faster migrating
form. We therefore conclude that mouse CPEB is phosphor-
ylated at MI.
The CPE Mediates Translational Repression as
Well as Cytoplasmic Polyadenylation
While it is clear that the polyadenylation of cyclin B1
mRNA is CPE mediated, this sequence also functions as a
translational repressor. De Moor and Richter (1999) have
demonstrated that cyclin B1 translational repression is
mediated by the CPE in Xenopus oocytes. To determine
whether the CPE represses cyclin B1 mRNA translation in
mouse oocytes, the 39 UTR of this RNA was appended with
30-nucleotide poly(A) tail and fused downstream of the
AT reporter transcript. In GV-stage oocytes, this mRNA
ielded about 30% less CAT activity than an identical CAT
eporter RNA that contained the 30-nucleotide poly(A) tail
ut that lacked the cyclin B1 39 UTR (Fig. 4A). To deter-
ine whether the CPE in the 39 UTR was responsible for
he translational repression, another chimeric RNA com-
osed of CAT followed by three CPEs and a 30-nucleotide
oly(A) tail was injected into GV-stage oocytes. Three CPEs
ere used because that is the number present in the cyclin
9 UTR. Figure 4A shows that this mRNA was indeed
epressed to a level similar to CAT-B1-39UTR upon injec-
ion into GV-stage oocytes. Furthermore, CAT RNA fused
o a 39 UTR containing a mutated CPE1 (cf. Fig. 1C) plus the
AUAAA was not translationally repressed; indeed, it was
ranslated even more efficiently than CAT alone (Fig. 4A).
hese differences in translational repression cannot be
ccounted for by different amounts of mRNA injected or
ifferential mRNA stability (data not shown). Therefore,
he CPE is sufficient to confer translational repression in
njected mouse oocytes.
The translational efficiency of these RNAs in oocytes
hat had undergone maturation to MII was also determined.
he translation of CAT-B1-39UTR was 6.5-fold more effi-
ient compared to CAT RNA. This RNA, unlike CAT
NA, contains three CPEs and the polyadenylation signal
lement (AAUAAA) and was polyadenylated during matu-
ation (cf. Figs. 1 and 4B). A CAT RNA appended with a 39
TR that is identical in all respects except that it does not
ontain an AAUAAA, and hence cannot be polyadenylated
Vassalli et al., 1989; Huarte et al., 1993; Gebauer and
Richter, 1996; Stutz et al., 1998), was translated to the same
xtent as CAT RNA. Finally, the CAT-3CPE1, which lacks
he AAUAAA, was also translated at an efficiency similar
o that of CAT RNA. These experiments demonstrate that
olyadenylation is required for translational activation dur-
ng oocyte maturation.
Figure 5 summarizes the timing of some key events
uring mouse oocyte maturation. While the cyclin B1
teady-state level is low in GV-stage oocytes, it increases at
he GVBD–MI transition and is coincident with cyclin B1
Copyright © 2000 by Academic Press. All rightRNA polyadenylation. CPEB phosphorylation, as de-
ected by a mobility shift in the protein, also occurs at this
ime, which perhaps is responsible for the switch from
PE-mediated translational inhibition to translational
timulation.
DISCUSSION
While translational repression in development has been
known to be regulated by 39 UTR elements in invertebrates
for some time (Goodwin and Evans, 1997; Wickens et al.,
1996), it is only recently that this regulation has been
shown to occur in vertebrates as well (Hake and Richter,
1997; Vassalli and Stutz, 1995). Studies examining the
translational regulation of tissue-type plasminogen activa-
FIG. 4. (A) CPEs mask translation of CAT. Synthetic RNAs
containing CAT coding sequences alone (CAT; 10.5 ng/ml) or fused
to cyclin B1-39UTR (CAT-B1-39UTR; 16.5 ng/ml), three tandem
PE1s (CAT-3CPE1; 11 ng/ml), or a mutated CPE1 (11.3 ng/ml) were
njected into GV-stage oocytes and cultured in M16 medium
ontaining 150 mM IBMX for 16 h. All injected RNAs contain a
0-nucleotide poly(A) tail. Only oocytes that retained their GVs
ere collected and used in the CAT assay. The bar chart represents
n average of three independent experiments (P value ,0.005). (B)
olyadenylation is required for translational stimulation during
ocyte maturation. Synthetic RNAs encoding CAT alone (CAT),
AT fused to cyclin B1-39UTR (CAT-B1-39UTR), CAT fused to
yclin B1-39UTR with its polyadenylation signal mutated (CAT-
1-39UTR-[DHEX]), or CAT fused to three tandem copies of CPE1
CAT-3CPE1) were injected into GV-stage oocytes and cultured in
BMX-free medium for 16 h. All injected RNAs contain a 30-
ucleotide poly(A) tail. Only oocytes that progressed to metaphase
I, as evidenced by first polar body emission, were used in the CAT
ssay. The bar chart represents the average of two independent
xperiments.tor (tPA) mRNA in mouse oocytes are particularly instruc-
s of reproduction in any form reserved.
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7Cyclin B1 mRNA Translation in Mouse Oocytestive. In GV-stage oocytes, tPA mRNA contains a relatively
short poly(A) and is translationally dormant; upon oocyte
maturation, the poly(A) tail is elongated and translation
ensues (Strickland et al., 1988; Vassalli et al., 1989). The
equence that confers polyadenylation is the adenylation
ontrol element (ACE), a 41-nucleotide, U-rich structure
hat contain elements similar to the CPE (Huarte et al.,
992; McGrew et al., 1989; Paris and Richter, 1990). In
ddition to polyadenylation, the ACE has two additional
unctions: it promotes deadenylation of tPA pre-mRNA in
he cytoplasm (Huarte et al., 1992) and is necessary for the
epression of tPA mRNA in the cytoplasm prior to matura-
ion (Stutz et al., 1997, 1998). In one approach to investi-
ating tPA mRNA translational repression, Stutz et al.
1998) injected GV-stage oocytes with reporter mRNAs
ontaining or lacking the ACE in their 39 UTRs and showed
hat the ACE was necessary for masking. These investiga-
ors also showed that when GV-stage oocytes were injected
ith a reporter RNA containing the ACE and a 40-
ucleotide poly(A) tail, but not a functional AAUAAA (this
onstruct is unable to undergo poly(A) elongation during
aturation), a low level of translation upon oocyte matu-
ation was observed. They therefore concluded that elonga-
ion of the preexisting poly(A) tail on tPA mRNA in the
FIG. 5. Schematic depicting cyclin B1 steady-state levels, H1
kinase activity, cyclin B1 polyadenylation, and expression of CPEB
during mouse oocyte maturation.ytoplasm is not essential for the unmasking process.
Copyright © 2000 by Academic Press. All rightOur results agree with those of Stutz et al. (1998) in that
the CPE/ACE is important for translational repression in
GV stage oocytes (Fig. 4A). We also addressed the impor-
tance of the poly(A) tail in overcoming this repression
during maturation. We observed unmasking and transla-
tional stimulation only with RNA that contained the cyclin
B1 39 UTR that was able to undergo additional polyadenyl-
ation upon maturation (Fig. 4B, lane 2). A reporter RNA that
contained the cyclin B1 39 UTR but was unable to elongate
its existing poly(A) tail, due to a mutation in the polyade-
nylation signal (AAUAAA), translated no more efficiently
than CAT RNA. Thus, polyadenylation is necessary for
translational stimulation during oocyte maturation.
By using an in vivo UV cross-linking assay, Stutz et al.
(1998) identified an ;85-kDa protein that binds the ACE in
GV-stage oocytes and a protein slightly larger in size that
binds this sequence at GVBD. This is similar to our results
presented in Fig. 3 in which the 62-kDa CPEB, which has a
relative migration in SDS gels of ;72 kDa, binds the cyclin
B1 CPE. CPEB also becomes phosphorylated after GVBD, a
modification that slightly reduces its electrophoretic mo-
bility. Because the timing of CPEB phosphorylation corre-
lates with the activation of cyclin B1 mRNA translation,
we speculate that this modification could be involved in a
switch in CPEB activity from that of a translational repres-
sor to a translational activator. In frog oocytes, CPEB is
phosphorylated by two kinases, Eg2 and cdc2 (Paris et al.,
1991; Mendez et al., 2000), whereas in clam oocytes, the
CPEB homologue p82 is phosphorylated by MAP kinase
(Katsu et al., 1999). In the mouse, CPEB may also be a
ubstrate for these kinases.
In Xenopus, the CPE is responsible for both the masking
f cyclin B1 mRNA in GV-stage oocytes and the transla-
ional activation of this mRNA during maturation (de Moor
nd Richter, 1999). However, in Xenopus a short poly(A) tail
as insufficient to abrogate the repression, unlike the case
eported here with cyclin B1 mRNA in mouse oocytes. Also
imilar to this present study, de Moor and Richter (1999)
uggested that CPEB, which is phosphorylated in Xenopus
t a time that is coincident with polyadenylation-induced
ranslation (Paris et al., 1991; Hake and Richter, 1994; de
oor and Richter, 1997, 1999) is involved in both masking
nd unmasking mRNA. However, they also speculated that
nother protein, perhaps one associated with CPEB, might
e the most proximal inhibitor of translation. Recently,
tebbins-Boaz et al. (1999) have identified and characterized
CPEB-associated protein that indeed is probably a trans-
ational repressor (Stebbins-Boaz et al., 1999). This protein,
ermed maskin, binds both CPEB and the translation initia-
ion factor eIF4E. Maskin binds eIF4E in the same region as
IF4G and thus precludes the interaction of the two initia-
ion factors that is necessary for cap-dependent translation.
uring oocyte maturation, however, much of the maskin–
IF4E interaction is destroyed, thereby allowing eIF4E to
ind eIF4G and stimulate translation. Therefore, while
PEB in Xenopus oocytes is involved in mRNA masking,its role appears to be limited to that of a specificity factor
s of reproduction in any form reserved.
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We do not know whether mouse oocytes also contain
maskin, but if they do, we suspect that it would function in
an analogous manner. Alternatively, CPEB in mouse oo-
cytes might function as a direct inhibitor, as well as an
activator, of translation.
The importance of cytoplasmic polyadenylation for
mouse oocyte maturation may be limited to a small num-
ber of mRNAs. The cytoplasmic polyadenylation of mos
mRNA seems to be a critical event. While GV-stage mouse
oocytes do contain some Mos protein, they also contain
dormant mos mRNA. The cytoplasmic polyadenylation-
induced translation of this stored mRNA, although not
involved in the induction of maturation as in Xenopus
oocytes (Sheets et al., 1995), is instead necessary for MII
rrest (Gebauer et al., 1994; O’Keefe et al., 1989). In addi-
tion, mice deficient in Mos develop ovarian teratomas and
their oocytes undergo parthenogenetic development (Col-
ledge et al., 1994; Hashimoto et al., 1994). In contrast, tPA
mRNA, which has proven to be enormously useful for the
study of translational control by polyadenylation, does not
appear to have an essential function in meiosis (Richards et
al., 1993; Strickland et al., 1988). Similarly, two other
mRNAs, OM2a and OM2b, that are also polyadenylated in
maturing oocytes do not appear to be necessary for meiotic
progression (West et al., 1996). Evidence in this report
argues that the cytoplasmic polyadenylation of cyclin B1
mRNA is important for meiosis, specifically for the progres-
sion from GVBD to MII. Whether there are additional
mRNAs whose polyadenylation is indispensable for matu-
ration is unknown.
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